Disrupted-in-schizophrenia 1 (DISC1) has been genetically associated with schizophrenia, and with brain phenotypes including grey matter volume and working memory performance. However, the molecular and cellular basis for these associations remains to be elucidated. One potential mechanism may be via an altered interaction of DISC1 with its binding partners. In this context, we previously demonstrated that one DISC1 variant, Leu607Phe, influenced the extent of centrosomal localization of pericentriolar material 1 (PCM1) in SH-SY5Y cells. The current study extends this work to human brain, and includes another DISC1 coding variant, Ser704Cys. Using immunohistochemistry, we first characterized the distribution of PCM1 in human superior temporal gyrus (STG). PCM1 immunoreactivity was localized to the centrosome in glia, but not in neurons, which showed widespread immunoreactivity. We quantified centrosomal PCM1 immunoreactivity in STG glia of 81 controls and 67 subjects with schizophrenia, genotyped for the two polymorphisms. Centrosomal PCM1 immunoreactive area was smaller in Cys704 carriers than in Ser704 homozygotes, with a similar trend in Phe607 homozygotes compared with Leu607 carriers, replicating the finding in SH-SY5Y cells. No differences were seen between controls and subjects with schizophrenia. These findings confirm in vivo that DISC1 coding variants modulate centrosomal PCM1 localization, highlight a role for DISC1 in glial function and provide a possible cellular mechanism contributing to the association of these DISC1 variants with psychiatric phenotypes. Whether this influence of DISC1 genotype extends to other centrosomal proteins and DISC1 binding partners remains to be determined.
INTRODUCTION
With the recent identification of potential susceptibility genes for psychiatric illnesses, the goal of many current studies has been to elucidate how genetic variation may contribute to disease susceptibility and pathophysiology. One leading candidate gene for schizophrenia and related phenotypes is disrupted-in-schizophrenia 1 (DISC1), initially identified as the gene disrupted by a balanced (1,11)(q42.1;q14.3) translocation that segregates with major mental illness in a large Scottish family (1) . Although no other families with similar chromosomal abnormalities have been reported, coding and non-coding single nucleotide polymorphisms (SNPs) within DISC1 have since been associated with several mental illnesses, including schizophrenia, bipolar disorder, major depression and autism [reviewed in (2, 3) ]. In addition, DISC1 genetic variation has been found to influence phenotypes including hippocampal and frontal grey matter volume, hippocampal activation during memory encoding and cognition (2 -5) . Whilst these associations suggest that DISC1 polymorphisms are functional variants, the molecular mechanisms by which they exert their influence remain to be elucidated.
DISC1 is a pleiotropic protein with many purported functions, subcellular locations and binding partners, and has been conceptualized to act as a scaffold for its multiple * To whom correspondence should be addressed. Tel: +44 1865223620; Fax: +44 1865251076; Email: sharon.eastwood@psych.ox.ac.uk # The Author 2010. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org protein interactions (6 -12) . The centrosome is one organelle where DISC1, along with several of its interacting proteins, is localized (13) (14) (15) (16) . One of these binding partners is pericentriolar material 1 [PCM1, itself a putative schizophrenia susceptibility gene (17, 18) ], and DISC1 regulates the recruitment of PCM1 to the centrosome (16) . Microtubule assembly is PCM1 dependent, and the presence of PCM1 at the centrosome contributes to its role as the main microtubuleorganizing centre in animal cells (19) .
Based on the regulatory role of DISC1 upon PCM1 (16) , together with the previous finding that DISC1 schizophreniaassociated SNPs influence the expression of several DISC1 binding partners (20) , we hypothesized that one potential mechanism by which DISC1 SNPs may exert their pathogenic influence could be via altering the regulation of and/or affinity for its binding partners. As one test of this proposal, and given the links between DISC1, PCM1 and the centrosome, we previously examined whether DISC1 genetic variation affected centrosomal PCM1 localization. In particular, we focussed on one of the few DISC1 risk polymorphisms that is coding, Leu607Phe. Utilizing undifferentiated SH-SY5Y cells (a human neuroblastoma cell line), we reported that cells transfected with Phe607 DISC1, a putative risk variant for schizoaffective disorder (21) , had reduced centrosomal PCM1 localization compared with cells transfected with Leu607 DISC1 (22) . The risk variant also altered neurotransmitter release, consistent with links between the centrosome, microtubules and synaptic function (6) . These findings provided in vitro evidence that DISC1 Leu607Phe may be a functional variant.
The aim of the current study was to extend these findings to human brain. Both our original variant of interest, Leu607Phe (rs6675281), and another more widely examined coding variant, Ser704Cys (rs821616), occur in the PCM1 binding region of DISC1 [amino acid 601 through to the C-terminal (16)], and we hypothesized that both substitutions may influence centrosomal PCM1 localization in vivo. In addition, we asked whether altered centrosomal localization of PCM1 occurs in schizophrenia. To investigate these questions, PCM1 immunohistochemistry was performed on post mortem tissue sections from the superior temporal gyrus (STG) of a large cohort of adults with schizophrenia and controls. We found centrosomal localization of PCM1 in glia but not in neurons, and evidence that genetic variation in DISC1 does influence the extent of centrosomal localization of PCM1 in glia in human brain, as it did in vitro. The data support this effect as being a potential cellular mechanism underlying the functionality and pathogenicity of these DISC1 coding substitutions. Finally, to investigate the finding that PCM1 was not centrosomally localized in STG neurons, we examined SH-SY5Y cells further, and found that the centrosomal localization of PCM1 is lost in these cells after differentiation.
RESULTS

Western blotting for PCM1
Western blotting of human STG protein (Fig. 1A) with the PCM1 antibody detected a major band of 60-65 kDa and a fainter band at 40 kDa. For HEK293 cells, in addition to these two bands, two fainter bands were detected: one at 130 kDa and another, corresponding to full-length PCM1, at 228 kDa (Fig. 1B) . The PCM1 antibody also detected a band of the predicted size (90 kDa) for blots performed utilizing PCM1 fusion protein (containing amino acids 1 -620), but not in cell lysates from bacteria not induced with isopropyl-b-D-thiogalactopyranoside (IPTG; data not shown). Antibody specificity was also demonstrated by the absence of immunoreactive bands for westerns performed without the primary antibody, and from the finding that a second antibody revealed the same, albeit weaker, pattern of PCM1 immunoreactivity in human STG (data not shown).
Subcellular distribution of PCM1 in neurons and glia of human STG
Based on our in vitro study of PCM1 in a neuronal cell line (22) , we predicted that PCM1 would be likewise localized to the centrosome in neurons of the STG. In fact, centrosomal localization was restricted to cells with small round nuclei (visualized with methyl green) located in the grey matter ( Fig. 2A) and predominantly in the white matter (Fig. 2B) . We conclude that these cells are glia, especially since cresyl violet revealed a dense nuclear staining, a lack of a visible nucleolus and an absence of cytoplasmic staining (Fig. 2C) . In contrast, in neurons, PCM1 was widely distributed throughout the soma and proximal dendrites ( Fig. 2A) . Against this background, no centrosomal PCM1 staining could be distinguished. To exclude the possibility that these findings were related to perimortem variables or some aspect of how the human brain tissue was processed, we repeated our immunohistochemical protocol in rat brain. We found the same pattern of PCM1 immunostaining, with PCM1 being observed throughout the neuronal cell body (Fig. 2D) , while glial cells (Fig. 2E ) exhibited discrete centrosomal staining. We conclude that in the brain PCM1 is concentrated at the centrosome in glia, but has a more widespread distribution in neurons. Fig. 3A and B), with planned comparisons revealing decreased immunoreactive area in heterozygotes compared with Ser704 homozygotes (P ¼ 0.025), and a trend difference between Cys704 homozygotes and Ser704 homozygotes (P ¼ 0.087; Fig. 3A ). Owing to the low frequency of the minor allele, Cys704 carriers were also grouped together and compared with Ser704 homozygotes; centrosomal PCM1 immunoreactive area was smaller in subjects carrying a Cys704 allele (F 1, 144 ¼ 6.122, P ¼ 0.015); Fig. 3C and D). In both ANOVAs described above, no interactions between genotype and diagnosis were detected (P . 0.268). Given the heterogeneous ethnicity of the sample, we also explored whether race impacted on the genetic association. This analysis was restricted to African Americans and Caucasians since these comprised by far the largest groups. We found a significant interaction between race and Ser704Cys genotype (F 3, 131 ¼ 2.737, P ¼ 0.046), with a significant effect of Ser704Cys genotype on PCM1 immunoreactivity in African Americans (F 2, 78 ¼ 6.013, P ¼ 0.004; Fig. 3E ), but not in Caucasians (F 2, 47 ¼ 1.047, P ¼ 0.359; Fig. 3F ). A similar result was seen when subjects carrying a Cys704 allele were compared with Ser704 homozygotes (African Americans:
For the Leu607Phe substitution, there was no overall effect of genotype (F 2, 142 ¼ 1.794, P ¼ 0.170). However, planned comparisons revealed a trend for smaller PCM1 centrosomal immunoreactive area in Phe607 homozygotes compared with heterozygotes (P ¼ 0.063), and compared with Leu607 homozygotes (P ¼ 0.068; Fig. 4A and B). No differences were seen when Phe607 carriers were compared with Leu607 homozygotes (F 2, 144 ¼ 0.154, P ¼ 0.696; Fig. 4C and D), and no interaction between genotype and diagnosis was detected (P ≥ 0.71). A post hoc analysis revealed a trend interaction between genotype and race (F 3, 131 ¼ 3.164, P ¼ 0.078), and although there was not an overall effect of genotype for any racial group (data not shown), in African Americans, a significant decrease in centrosomal PCM1 immunoreactive area was detected in Phe607 homozygotes compared with Leu607 homozygotes (P ¼ 0.041; Fig. 4E) .
In an exploratory analysis we examined whether the two polymorphisms might have a cumulative effect on centrosomal PCM1 immunoreactivity. Individuals who were Phe607 homozygotes and Cys704 carriers (i.e. the two genotypes associated separately with lower centrosomal PCM1 immunoreactivity; Fig. 3C and 4A) were compared with those who had only one of the two 'risk genotypes'. Centrosomal PCM1 immunoreactivity in the Phe607Phe/Cys704 carriers (n ¼ 3; 0.390 + 0.06 mm 2 , mean + SD) was less than in subjects who were either Phe607Phe/Ser704Ser or Leu607 carriers/Cys704 carriers (combined n ¼ 75; 0.632 + 0.145 mm 2 ; Mann-Whitney, P ¼ 0.006). No difference in centrosomal PCM1 immunoreactive area was found between subjects with schizophrenia (0.638 + 0.155 mm 2 , mean + SD) and controls (0.657 + 0.150 mm 2 ; F 1, 142 , 0.50, P . 0.50). The schizophrenia and control groups were not well matched for age, post mortem delay or brain pH (see Table 1 ). However, as none of these variables correlated with centrosomal PCM1 immunoreactive area, differences between the two diagnostic groups for these potential confounding variables is unlikely to account for our negative finding. Furthermore, when subjects were excluded to form a subset matched for these variables (66 controls, 48 with schizophrenia), centrosomal PCM1 immunoreactive area remained unaltered in schizophrenia (data not shown).
Effects of differentiation on centrosomal localization of PCM1 in SH-SY5Y cells
The finding that PCM1 immunoreactivity was not centrosomal in neurons ( Fig. 2A and D) was unexpected, given the earlier observation in the SH-SY5Y neuronal cell line (22) . We wondered whether this might relate to the state of neuronal differentiation, since the transfected SH-SY5Y cells we used were undifferentiated (22) . Here, we confirmed the centrosomal localization of PCM1 in undifferentiated SH-SY5Y cells (Fig. 2G) . In contrast, in differentiated SH-SY5Y cells, PCM1 was observed throughout the cell body and extended into neuritic processes, and centrosomal staining was not 
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DISCUSSION
Previously we reported that transfection of undifferentiated SH-SY5Y cells with a DISC1 risk variant, Phe607, resulted in decreased centrosomal localization of its binding partner, PCM1 (22) , compared with untransfected cells and those transfected with Leu607 DISC1. Here we extended our study of DISC1 genetic variants to adult human brain. We investigated PCM1 centrosomal localization in cells of the STG, explored its association with two DISC1 coding variants within the PCM1 binding region, and whether this is altered in schizophrenia. The main findings are the following: (i) PCM1 immunoreactivity was concentrated at the centrosome in glia, but was widespread in neurons, such that neuronal centrosomal PCM1 immunostaining could not be readily detected. For this reason, measurements of centrosomal PCM1 were carried out over glia.
(ii) DISC1 Ser704Cys (rs821616) genotype was associated with centrosomal PCM1 immunoreactive area, the latter being decreased in subjects carrying one or two Cys704 alleles. For the Leu607Phe (rs6675281) substitution, a similar trend was seen in Phe607 homozygotes. (iii) Post hoc analyses demonstrated that significant influences of these SNPs were restricted to African Americans, and also suggested a possible cumulative effect of the two variants. PCM1 present in undifferentiated SH-SY5Y cells. Our data provide additional evidence that Ser704Cys and Leu607Phe are functional DISC1 variants, and suggest that the altered centrosomal localization of the DISC1 binding partner, PCM1, may be part of the underlying cellular mechanism. The findings also highlight the neglected role of glia in the biology of DISC1.
Expression and subcellular distribution of PCM1
To date, the expression of PCM1 has not been characterized in the human brain, and western blotting for PCM1 using human protein has not been performed. In our hands, although the antibody utilized targets a region common to full-length (228 kDa) PCM1 (23) and two other isoforms identified to date (UniProt), the main band detected in human STG protein was 60-65 kDa (corresponding to PCM1 isoform 3; Q15154 -3, UniProt). The fact that the antibody was able to detect GST-tagged PCM1 fusion protein, and full-length PCM1 in HEK293 cells, confirmed the specificity of the antibody. Our inability to detect the full-length PCM1 in human STG protein is in keeping with an observation that this isoform is not detected in differentiated tissue (Andreas Merdes, Centre National de la Recherche Scientifique-Pierre Fabre, France, personal communication), and our data suggest that isoform 3 may be the main PCM1 protein in human STG. PCM1 immunoreactivity was observed in both neurons and glia of human and rat brain (Fig 2A-E) . It was differentially distributed in these two cells types, and as reported previously for mouse (24), PCM1 was not readily observed at the centrosome in neurons. Of note, in the adult mouse brain the distribution of ninein, a protein regulated by PCM1 (16, 19) is similar to that reported here for PCM1, being found in the soma and dendrites in neurons, while being restricted to the centrosome in glia (25) . These findings suggest that centrosomes differ significantly between neurons and glia in their protein composition. Given the importance of PCM1 at the centrosome in the regulation of cell cycle progression (23, 26, 27) , it is tempting to speculate that this dissimilarity might reflect, to some extent, differences between neurons and glia in the mature brain in terms of their ability to further differentiate or divide. Our findings in SH-SY5Y cells are consistent with this possibility, in that the undifferentiated cells have centrosomal PCM1 immunoreactivity, whereas the differentiated cells show a more diffuse, 'neuronlike' immunoreactive profile. DISC1 itself undergoes a similar redistribution in SH-SY5Y cells (28) , as does ninein during neuronal differentiation in vivo (25) and PCM1 during muscle cell differentiation (29) . It would be of interest to examine fetal brain to see whether the subcellular distribution of PCM1 in neurons is different from that in the adult, utilizing markers of cell type and maturation to clarify the characteristics of cells which have centrosomal versus non-centrosomal PCM1 immunoreactivity. In this context, it is notable that developmental perturbation of PCM1 or DISC1 function results in altered neurogenesis and cell migration (8, 30) .
As most glia within the white matter are oligodendrocytes, the majority of our quantitative data probably come from this glial cell population and speak to a role for DISC1, as well as PCM1, in oligodendrocyte function. Notably, Seshadri et al. (31) recently reported the first clear evidence that DISC1 is expressed in glia, including oligodendrocytes, in human brain; previously, although DISC1 had been detected in glia (32) , interest in the role of DISC1 had generally been limited to neurons. Together, these results indicate that further studies of DISC1 biology in glia are warranted. Equally, as PCM1 is found in neurons in the mature brain (albeit in different subcellular locations than the centrosome; Fig. 2A ), the study of the relationship between Leu607Phe and Ser704Cys substitutions and PCM1 in neurons is also warranted.
Centrosomal PCM1 immunoreactivity is influenced by genetic variation in DISC1
Evidence that the DISC1 Ser704Cys substitution is functional has been based primarily on its association with disease risk and with brain structure and function. The SNP has been associated with schizophrenia (33-35) and major depression (36) , and in addition, has been reported to influence hippocampal grey matter volume and function (33, 37) , cingulate grey matter volume (36) , pre-frontal cortical function (38) and cognitive decline during ageing (39) . Although less widely studied, the Leu607Phe substitution has been associated with schizoaffective disorder (21), decreased cortical grey matter (40) and a greater severity of positive symptoms in schizophrenia (40); in each case, Phe607 is the risk variant. Separate evidence for functionality of Ser704Cys and Leu607Phe is provided from recent data-in many of the same brains as studied here-showing that they impact on DISC1 gene expression (41) . Alternative splicing produces more than 50 DISC1 transcripts in human brain, and the expression of one truncated variant is influenced by the Leu607Phe and Ser704Cys substitutions, with Phe607 carriers and Cys704 homozygotes expressing a greater proportion of this truncated transcript in the hippocampus (41) . Whether our findings are related to the impact of the two SNPs on differential expression of DISC1 isoforms, or to the other possible mechanisms discussed below, is unknown. The studies of Ser704Cys vary as to which is the associated risk allele [for reviews see (2, 3, 42) ]. For example, in a North American Caucasian population, Ser704 was over-transmitted in schizophrenia and associated with reduced hippocampal grey matter volume (33), whereas Cys704 was associated with decreased hippocampal grey matter volume and poorer hippocampal function in an Italian Caucasian population (37) . Such discrepancies might have several explanations, other than chance, including the 'flip -flop' phenomenon and haplotype background (see 37) . In this respect, it is interesting that a significant interaction was detected here between race and genotype, with the influence of genotype upon centrosomal PCM1 localization, reaching significance only in African Americans (Fig. 3E) ; the effect of Ser704Cys on DISC1 transcript expression was also limited to African Americans (41) . Our finding of an additive effect of the two DISC1 SNPs on centrosomal PCM1, though very preliminary, provides another indication that individual SNPs should not be considered in isolation, with increasing evidence that intragenic (and intergenic) interactions are relevant in the association of DISC1 and other genes in the genetic architecture of schizophrenia (3, 43) . Equally, future studies will benefit from inclusion of other DISC1 SNPs, both coding and non-coding, that have been associated with brain phenotypes and disorders.
We found no differences in centrosomal PCM1 immunoreactivity between cases and controls, nor a diagnosis-bygenotype interaction. Our data therefore do not extend the evidence for involvement of oligodendrocytes in schizophrenia (44, 45) .
How may DISC1 genetic variants influence centrosomal PCM1 localization?
Our results do not speak to the mechanism by which the two coding variants in DISC1 affect localization of PCM1 to the centrosome in glia. One possibility is that it results from their influence on DISC1 transcript expression mentioned earlier, but it may also reflect an alteration in the direct or indirect interaction between DISC1 and PCM1 proteins. Since isoform 3 does not contain the middle portion of full-length PCM1 (amino acids 741-1420) demonstrated to be important for DISC1-PCM1 interaction (16) , our data suggesting that this is the major PCM1 isoform in human STG suggests that an 'indirect' scenario may be more likely. For example, Ser704Cys has been associated with extracellular signal related kinase (ERK) activity (36) , and it may be that the influence of this kinase on cytoskeletal remodelling (36) could indirectly contribute to the influence of Ser704Cys upon PCM1 localization. Ser704Cys has also been demonstrated to influence the binding of nuclear distribution element-like (NDEL1) and its homologue NDE1 to DISC1, with increased NDEL1 binding being associated with Cys704 DISC1 (42, 46) . As NDEL1 plays a role in the transport of PCM1 to the centrosome (47), it may be that changes in centrosomal PCM1 immunoreactivity associated with Ser704Cys may occur indirectly via this SNP's influence on the binding of NDEL1 to DISC1.
Mechanisms involving a direct DISC1 -PCM1 interaction are also possible, even for PCM1 isoform 3, since the Nterminal region of PCM1 does interact with DISC1, albeit weakly (16) . As Leu607Phe and Ser704Cys occur within the region of DISC1 to which PCM1 binds, the SNPs may affect the extent of centrosomal PCM1 localization by impacting on the affinity of DISC1 for its binding partners; a recent in vitro study supports this possibility, at least for Ser704Cys (48) . Alternatively, it may be that DISC1 -PCM1 binding is unchanged, but the SNPs influence the recruitment and localization of DISC1 to the centrosome, resulting in concomitantly decreased PCM1 localization. For the Leu607Phe substitution, we previously proposed (22) that the latter situation may occur, via the disruption of a putative leucine zipper and coiled-coil domain, protein motifs important in regulating the localization of proteins to the centrosome (49) . Finally, the C-terminal region of DISC1 (including the PCM1 binding region) contains four putative coiled-coil domains, which contribute to self-association, and indeed, a section of DISC1 (amino acids 403-504) has been demonstrated to be a functional self-association domain (50) . Based on these structural predictions and an earlier study in which subjects with chronic psychiatric illness were found to exhibit an increase in insoluble DISC1 aggregates (51), Leliveld et al. (48) investigated the role of Ser704Cys in DISC1 dimerization and oligomerization, and found that Cys704 DISC1 displayed a higher oligomerization propensity, which could culminate in an alteration in binding to its protein partners. Whether an increase in DISC1 oligomerization changes its affinity for Human Molecular Genetics, 2010, Vol. 19, No. 12 2493 PCM1, which in turn alters the centrosomal localization of the latter, remains to be determined. Distinguishing between these various potential explanations for the current data will require considerable further study. A critical issue is whether the effects on PCM1 are specific, or whether the DISC1 SNPs also influence the localization of other centrosomal DISC1 binding partners, such as NDEL1, LIS1, PDE4B or pericentrin (14, 15) , or affect centrosomal proteins that are not direct DISC1 binding partners. Similarly, the effects and interactions of other DISC1 SNPs, and SNPs in PCM1 and other centrosomal protein genes, require evaluation. Only when these issues are clarified will it be possible to interpret the significance of the current findings in terms of their implications for centrosomal function, and how this in turn contributes to the roles which genetic variation in DISC1 and PCM1 play in brain function and psychiatric disorders.
MATERIALS AND METHODS
Study subjects
Post mortem tissue samples from the STG were collected at the Clinical Brain Disorders Branch, NIMH from 81 normal control subjects and 67 subjects with schizophrenia ( Table 1) . Determination of diagnoses and details of neuroleptic medication exposure, smoking and substance abuse histories were as described previously (20) . Frozen sections (14 mm) were collected onto Superfrost Plus slides (VWR, Lutterworth, UK) and stored at 2808C until use.
PCM1 immunohistochemistry
The antibody utilized in this study (sc-67204, Insight Biotechnology, Wembley, UK) was designed against amino acids 1 -262 of human PCM1 (and common to all three PCM1 isoforms listed in UniProt). Sections were fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) for 5 min, dehydrated in increasing concentrations of industrial methylated spirits (IMS) and then placed in methanol containing 3% hydrogen peroxide for 30 min. After rehydration through decreasing concentrations of IMS and two 10 min washes in PBS, nonspecific binding sites were blocked by incubating the sections for 30 min in PBS containing 0.3% Triton-X100 (PBS-T) and 10% normal goat serum. Sections were incubated overnight at 48C with the anti-PCM1 antibody diluted 1:200 in PBS-T and 1% normal goat serum. After washes in PBS, bound antibody was visualized using a Vectastain ABC Elite kit (Vector Laboratories, Peterborough, UK) and diaminobenzidine. Sections were counterstained with either methyl green (for our initial studies of normative PCM1 cellular distribution) or cresyl violet (for quantitative centrosomal PCM1 immunoreactivity analyses, see below) and cover slipped using DPX mountant and '0' thickness coverslips (VWR, Lutterworth, UK).
Experimental controls
To confirm the specificity of the antibody utilized above, several experimental controls were performed. Protein from human STG, rat frontal cortex and HEK293 cells (gift from Philip Burnet) was extracted using standard methods, and 30 mg of the protein was loaded and fractionated by sodium dodecyl sulphate (SDS) -polyacrylamide gel electrophoresis (PAGE) before being transferred to a polyvinylidene difluoride membrane. The membrane was blocked with 5% milk and probed with the anti-PCM1 antibody diluted to 1:5000, followed by goat anti-rabbit IgG horse radish peroxidase conjugate (Bio-Rad, Hemel Hempstead, UK) at 1:5000. Antibody binding was visualized using ECL Plus Western Blotting Detection System (GE Healthcare, Chalfont, UK).
Additional western blots were performed using PCM1 fusion protein. Briefly, bacterial cells (KRX competent cells, Promega, Southampton, UK) were transfected with pGEX4T-1 vector, containing amino acids 1 -620 of fulllength human PCM1 and an amino terminal GST tag (gift from Andreas Merdes) and fusion protein expression induced with 0.5 mM IPTG. After 3 h, cells were lysed in RIPA buffer (Sigma, Poole, Dorset) and PCM1 western blotting performed as described above. Westerns were also performed in the absence of primary antibody. Finally, immunohistochemistry utilizing a second commercially available antibody (diluted 1:200; H00005108-B01, Abnova, Taipei, Taiwan) was performed as described above.
Measurement of human PCM1 centrosomal immunoreactivity
Cell staining was examined using a Nikon Eclipse 3600 microscope and a ×60 oil objective, and images captured using an MCID Elite version 7.0 image analysis system (Interfocus, Haverhill, UK). Pilot studies established that counterstaining with cresyl violet produced a higher contrast image than that obtained using methyl green, enabling better distinction and measurement of centrosomal PCM1 immunoreactivity under the black and white camera conditions utilized for image analysis (chosen in preference to a colour camera due to the quicker image capture times and ease of image capture). As PCM1 at the centrosome was only readily identifiable in glia but not neurons (see Results), measurements of centrosomal PCM1 immunoreactive area were made over glia in the white matter. A total of 50 of these PCM1 immunoreactive cells were selected randomly, and the centrosomal PCM1 immunoreactive area outlined by hand using the cursor, and calibrated to square micrometres using a microscale and the MCID Elite system. The test -retest variability in mean PCM1 immunoreactive area per subject was ,2%. All assessments were carried out blinded to diagnosis and genotype.
DISC1 genotype determination
Genomic DNA was extracted from each subject using a Nucleon Genomic DNA extraction kit (Tepnel Life Sciences, Manchester, UK). Genotype was determined using Applied Biosystems (Warrington, UK), pre-designed Taqman SNP genotyping assays (Leu607Phe: C_1650667_10; Ser704Cys: C_1433135_20) in accordance with manufacturer's instructions using a 7900HT real-time PCR system and SDS 2.2.2 software. Genotype reproducibility was 100%. The SH-SY5Y cells were also genotyped, and were Leu607/ Leu607 and Ser704/Ser704. (Sigma) and 1% non-essential amino acids (Sigma). Cells were maintained in a humidified incubator at 378C and 5% CO 2 . To initiate the differentiation process, cells were seeded at a density of 10 000 cells per well into 4 well chamber slides (Lab-Tek II chamber slides, CC2 treated, VWR). After settling overnight, the media was changed to DMEM supplemented with 5% foetal calf serum and 10 mM all-trans retinoic acid (Sigma). After culturing for 10 days in the presence of retinoic acid, the medium was substituted with DMEM (not supplemented with foetal calf serum) containing 50 ng/ml of recombinant human BDNF (Universal Biologicals, Cambridge, UK) for 7 days. Differentiated and undifferentiated SH-SY5Y cells were fixed with methanol at 2208C for 6 min, given two 10 min washes with PBS and blocked for 1 h at room temperature (RT) with 10% normal goat serum (Sigma) diluted in PBS-T and 2% bovine serum albumin (BSA; Sigma). Cells were then incubated for 1 h at RT with rabbit anti-PCM1 diluted at 1:200 in PBS-T, containing 1% normal goat serum and 2% BSA. After three 10 min washes in PBS, cells were incubated for 1 h at RT with goat anti-rabbit Alexa Fluor 568 (at 1:1000; Invitrogen, Paisley, UK) in PBS-T containing 1% normal goat serum and 2% BSA. Cells were given three 10 min washes in PBS, dipped into distilled water and cover slipped using Vectashield (Vector Laboratories).
Statistical analyses
All statistical analyses were performed using SPSS version 16. One sample Kolmogorov -Smirnov tests were used to verify that the data were normally distributed. Potential influences of continuous variables (e.g. brain pH, post mortem interval, age) upon centrosomal PCM1 immunoreactive area were examined using Spearman correlations. Effects of diagnosis, genotype and race (and their interaction) were analysed using ANOVA, with planned comparisons between diagnostic groups and genotypes explored using LSD tests. Owing to the low frequency of the minor alleles for each SNP, additional ANOVAs were performed in which subjects carrying the minor allele were grouped together and compared with subjects homozygous for the higher frequency allele.
